Shillong Group of rocks and located in the East Khasi Hills and West Jaintia Hills districts of Meghalaya. The SUAC complex is a bowl-shaped depression covering an area of about 26 km 2 and is comprised serpentinised peridotite forming the core of the complex with pyroxenite rim. Alkaline rocks are dominantly ijolite and nepheline syenite, occur as ring-shaped bodies as well as dykes. Carbonatites are, the youngest intrusive phase in the complex, where they form oval-shaped bodies, small dykes and veins. During the course of large scale mapping in parts of the Sung Valley complex, eleven carbonatite bodies were delineated. These isolated carbonatite bodies have a general NW-SE and E-W trend and vary from 20-125 m long and 10-40 m wide. Calcite carbonatite is the dominant variety and comprises minor dolomite and apatite and accessory olivine, magnetite, pyrochlore and phlogopite. The REE-bearing minerals identified in the Sung Valley carbonatites are bastnäsite-(Ce), ancylite-(Ce), belovite-(Ce), britholite-(Ce) and pyrochlore that are associated with calcite and apatite. The presence of REE carbonates and phosphates associated with REE-Nb bearing pyrochlore enhances the economic potential of the Sung Valley carbonatites. Trace-element geochemistry also reveals an enrichment of LREEs in the carbonatites and average REE value of 0.102% in 26 bed rock samples. Channel samples shows average REE values of 0.103 wt%. Moreover, few samples from carbonatite bodies has indicated relatively higher values for Sn, Hf, Ta and U. Since the present study focuses surface evaluation of REE, therefore, detailed subsurface exploration will be of immense help to determine the REE and other associated mineralization of the Sung Valley carbonatite prospect. 
Introduction
Carbonatites are known to host high concentrations of rare earth elements (REE) [1] . Moreover, syenites, phonolites, alkali granite, pegmatite and secondary or supergene en-China, and rest of the world has comparatively limited production [2] . Prior to the rise of Chinese REE production, monazite and xenotime-beach placer deposits in India, Brazil and Australia had been the main source for REEs. With the discovery of carbonatite-hosted REE deposits (mainly bastnäsite-(Ce)), carbonatite has become a primary resource of world REE production e.g. Mountain Pass, USA. In India, the first carbonatite-hosted REE deposit has been discovered at Kamthai, Barmer district, Rajasthan and contains a highest LREE grade of 17.31 wt% and a weighted average grade is 2.97 wt% LREO with a total volume of 1,38,428 tonnes [2] . The Shillong Plateau of northeastern India hosts four intrusive alkaline-carbonatite complexes, the Samchampi, Sung Valley, Jasra-Barpung and Swangkre complexes [3, 4] . Sung Valley was the first carbonatite complex reported from north east India [5] . These complexes, especially the Sung Valley complex, has drawn attention of many researchers mainly for two reasons. Firstly, its petrogenesis, emplacement age and relationship with associated silicate rocks and secondly to assess mineral potential of the alkaline-carbonatite complex [3, 4, [6] [7] [8] [9] [10] [11] [12] [13] . The Shillong plateau complexes are known for their appreciable potential of apatite, pyrochlore and magnetite [6, 14] but REE's are almost unexplored, and they may have significant REE potential. This work focuses on the systematic study of carbonatites of Sung Valley ultramafic-alkaline-carbonatite complex (SUAC) to evaluate their REE potential. Large scale mapping on 1:12,500 scale was carried out in parts of the Sung Valley complex to demarcate carbonatite bodies, which in turn were mapped in detail on the 1:5000 scale. Detailed petrographic study followed by evaluation of mineral chemistry resulted in identification of REE-bearing phases, their relationships with coexisting minerals, their mode of occurrence and REE potential. Whole rock analysis was performed to chemically classify the carbonatites and to assess their REE potential.
Geological Background
The area was mapped during the 1970s and this established the identity of the Sung Valley intrusive as a major ultramafic-alkaline-carbonatite complex that opened up scope for the search for niobium (Nb), tantalum (Ta), rare earth elements (REE), phosphate and associated elements within the SUAC complex [5, 6, 15, 16] . Subsequently, the presence of significant concentrations of apatite, pyrochlore (Nb-Ta phases) was also reported by Geological Survey of India and others [5, 6, [16] [17] [18] . A total resource of 4.56 m.t. of ore with 11.05% P 2 O 5 under the 'probable category' was indicated in the carbonatites and associated apatitemagnetite rocks around Sung village [18] . Several workers have presented the geology of the Sung Valley complex and discussed the magmatic source of the carbonatites and associated silicate rocks [6, 7, 9, [19] [20] [21] [22] . Viladkar et al. [19] suggested that a carbonated nephelinite-derived magma was the source of the carbonatites and associated silicate rocks in the SUAC complex. Veena et al. [9] and Ray et al. [20, 21] correlated the source of the magma with mantle plume activity. Veena et al. [9] suggested the involvement of sub-continental lithosphere that had been metasomatised by fluids derived from an upwelling mantle plume and subsequent partial melting of this mantle source. Ray et al. [21] presented evidence for liquid immiscibility, crustal contamination and an Rb/Sr-enriched mantle source for the SUAC complex. Sen [22] suggested derivation from a melilitic parental magma. Srivastava and Sinha [4, 11] ruled out liquid immiscibility and fractional crystallization models for the genesis of the rocks of the Sung Valley complex and recommended that the primary carbonate magma originated from a metasomatized mantle peridotite by low degree partial melting at a pressure greater than 25 kbar. Melluso et al. [12] carried out mineral composition studies and suggested that these rocks are either the products of immiscibility between magnesian silicate and carbonate melts or the direct product of mantle melting. Ray & Pande (2001) dated the carbonatite of this complex by the 40 Ar- 39 Ar method and placed it at 107.2 ± 0.8 Ma [10] . Later, Srivastava et al. (2005) provided a U-Pb perovskite age of 115.1 ± 5.1 Ma for the ijolite and correlated the SUAC complex with the Kerguelen plume [11] . The age of the Sung Valley ultramafic-alkaline-carbonatite complex as dated by various methods on different minerals and rocks of the complex ranges between 90 Ma and 150 Ma [4] .
Geology of Sung Valley Ultramafic-Alkaline-Carbonatite Complex
The Sung Valley ultramafic-alkaline-carbonatite (SUAC) complex is an oval-shaped body covering an area of about 26 km 2 in the Survey of India toposheet no. 83C/2 in the West Jaintia Hills and East Khasi Hills districts of Meghalaya, India (Figure 1 ). The SUAC complex is emplaced within the Shillong Plateau, an uplifted horst-like structure in the Meghalaya state of Northeast India. A remote sensing study revealed that the complex is situated at the intersection of three major lineaments trending E-W, NE-SW and NNW-SSE. The SUAC complex consists of peridotite/serpentinised peridotite, pyroxenite, melilitolite, ijolite, nepheline syenite, carbonatite and apatite-magnetite rocks (Table 1) .
Pyroxenite is the dominant lithology and encloses serpentinised peridotite. Serpentinised peridotite forms the core of the complex. Ijolite forms a ring structure. These three rock types cover the major portion of the complex. Apatite-magnetite rock, melilitolite, nepheline syenite and carbonatite occur as oval shaped bodies, small dykes and veins within pyroxenite and peridotite/serpentinised peridotite ( Figure 2 ). Peridotite/serpentinised peridotite is an important member of the SUAC complex and is well exposed in Sung nala, where it is traversed by numerous criss-cross veins of pyroxenite and carbonatite ( Figure 3a ). It is a greenish black coarse-grained rock characterized by the dominant presence of olivine, partly or totally serpentinised and by variable amounts of magnetite and perovskite. Relict clinopyroxenes are present among grains of serpentinised olivine.
Pyroxenite is the dominant rock type in the complex and mostly occurs in the marginal part of the complex generally in direct contact with quartzite of Shillong Group. The pyroxenite body also outcrops in the central part of the complex where it is intruded by all the other rock types of the complex and encloses serpentinised peridotite. Texturally, the pyroxenite varies in grain size from fine grained in the marginal part to coarse grained in the central part of the complex. The pyroxenite is generally dark, greenish black to black and massive, consisting dominantly of diopsidic augite cumulate. The pyroxenite is nearly monomineralic with more than 95% clinopyroxene and rare orthopyroxene. Pyroxene occurs as discrete, short, prismatic and euhedral grains showing a cumulate texture. The interstitial spaces are occupied by feldspar which appears to have crystal- lized later from residual liquid. Pyroxene also contains inclusions of euhedral apatite. Hornblende and biotite occur as secondary minerals whereas titanite and magnetite as accessory minerals. Magnetite-rich granular pyroxenite occurs towards eastern side of Sung village.
Ijolite is the third most abundant rock type emplaced within the SUAC complex. It is medium to very coarse grained and shows a wide variation in texture. It consists of nepheline, pyroxene, apatite and accessory titanite, calcite and magnetite. Nepheline occurs as coarse, pinkish, smoky black, subhedral to anhedral grains. Bluish-green clinopyroxene is euhedral. These prismatic pyroxene grains and nepheline sometimes show a "comb structure" which is a characteristic feature of ijolite.
Syenite occurs as veins, lenses and small dykes of variable dimensions and intruded pyroxenite and ijolite around Maskut, Sung and northwest of Byrthap villages.
Coarse-grained apatite-magnetite rock occurs as veins, lenses and fracture-fillings within the pyroxenites and consists mainly of apatite and magnetite with a significant quantity of calcite along with minor olivine, phlogopite, perovskite, pyrochlore and minor spinels. Melilitolite is exposed mainly at the northern part of the complex and occurs as large oval-shaped bodies as well as small dykes within pyroxenite.
Analytical Techniques and Methodology
Major and trace-element (Ba, Ga, Sc, V, Th, Pb, Ni, Co, Rb, Sr, Y, Zr, Nb, Cr, Cu and Zn) whole rock analysis of 14 representative samples from different carbonatite bodies were analyzed by fully automated X-ray fluorescence (XRF), PANalytical model MagiX-2424 using end window X-ray tube at the Chemical Division, Geological Survey of India, North Eastern Region, Shillong. The REE and other trace elements were analysed by Inductively Cou- pled Plasma Emission Mass Spectrometer (ICP-MS) in the Central Chemical Laboratory, Geological Survey of India, Kolkata, India. The details of techniques, procedure, precision and accuracy of these analyses are described in SOP (http://www.portal.gsi.gov.in/, GSI, 2010). Twenty-six samples were analysed for 22 trace elements (REE, Sn, Hf, Ta, Mo, W, Ge, Be and U).
A total of 14 channel samples were collected from two isolated carbonatite bodies (C2 & C4). To ensure the uniform quality of material over the entire body and to have representative samples for assessing REE concentrations in carbonatite, 10 × 2.5 × 100 cm 3 channels were made across the strike of the carbonatite bodies. A fixed width of 10 cm along the sample line was first cleaned so that the surface undulations were removed as far as possible and for bringing the surface of the sample to a uniform level. After cleaning the surface confined to this width, samples were collected at every meter across the strike of the body. Mineral composition study of ten polished thin sections of carbonatite was carried out by Electron Microprobe Analyzer (EPMA) CAMECA SX-100 at the Petrology, Petrochemistry and Ore Dressing (PPOD) Division, Geological Survey of India, Bengaluru to classify the rock-forming minerals and identify the rare earth-bearing minerals in the Sung Valley carbonatites. Silicate, carbonate and REE phases were analysed at an accelerating potential of 20 kV and 20 nA and beam size of 0.5 µm for silicates and 1.0 µm for REE analysis. Data were processed in Minpet 2.02 and SX-100 softwares.
Carbonatites of the Sung Valley Complex
Carbonatite bodies intruded mainly in the southern part with few in the central part of the Sung Valley complex ( Figure 2 ). The eleven (C1 to C11) circular to semi-circular carbonatite bodies were mapped at 1:5,000 scale in and around Maskut and Sung villages. These isolated carbonatite bodies have a general NW-SE and E-W trend and vary from 20-125 m long and 10-40 m wide. The coarse-grained calcite carbonatite is the most dominant variety exposed in the SUAC complex, though fine to medium grained calcite carbonatites do occur as late dykes and veins. Calcite carbonatites contain minor dolomite, apatite and olivine with rare occurrence of pyroxene. Magnetite, ilmenite, phlogopite, chalcopyrite, pyrrhotite and pyrite are accessory minerals. Coarse grained, subhedral to anhedral calcite grains often form interlocking mosaic texture with nests and disseminations of prismatic needle-shaped apatite and large magnetite grains. Some of the calcite grains are euhedral, possibly indicating primary magmatic crystallization. Magnetite veins up to 6 cm thick occur in the carbonatites. Veins of carbonatite are common in the pyroxenite and serpentinized peridotite. Enclaves and xenoliths of pyroxenite within the carbonatite suggest carbonatite emplacement at a later stage (Figure 3a) .
Petrography
The carbonatites are fine to coarse grained rocks dominantly comprises of carbonate minerals (85-98%) (Figure 3b and 4c) . Calcite is the major mineral constituent with minor dolomite and apatite. The accessory minerals are olivine with serpentine rims, phlogopite, pyrochlore, magnetite, barite, baddeleyite and perovskite (Figure 4a , 4b, 4c, 5a, 5b). Subhedral to euhedral magnetite grains are the main opaque mineral with a few grains of ilmenite occurring in clusters. Intergrowth between magnetite and ilmenite is a common feature represented by a few laths of ilmenite within magnetite. Subhedral to subrounded, elongated grains of apatite occur in clusters. The disseminated sulfides are chalcopyrite, pyrrhotite, pyrite and 
Mineral Chemistry of Carbonatites
REE-bearing phases identified by EPMA study include bastnäsite-(Ce), ancylite-(Ce), belovite-(Ce) and britholite-(Ce) that are associated with calcite and apatite. Appreciable amount of REEs also occur in pyrochlore grains associated with magnetite. Moreover, tiny native grains of Sn (~10 µm) and Au (~5 µm) ( Figure 8b ) were also encountered during probe analysis.
Calcite and Dolomite
Calcite is the major carbonate phase occuring with minor dolomite in the selected samples of Sung Valley carbonatites (Table 2 ). Both phases contain substantial amounts of Sr. Sr is higher in calcite than in coexisting dolomite (0.28-0.81 wt% SrO in calcite versus 0.09-0.33 wt% SrO in dolomite). In, Calcite, Mn, Fe and Mg are invariably very low (Figure 5a , 6b).
Apatite
Chemical analysis of apatite were obtained in section no. EPMA-01, 02, 05, 06, 08, 09 &10 (Table 3 ). In apatite CaO ranges from 53.71-56.08 wt%, P 2 O 5 from 39.93-42.6 wt% with very low contents of total REO (Rare Earth Oxide) (0.07-0.26 wt%), U and Th (Figure 5a , 5b, 6a, 6b).
Monazite
Minor grains of monazite occur in carbonatite sample no. EPMA-02. Total REO in monazite ranges from 
Olivine
Olivine, analysed in sample no. EPMA-04 & 09, has a narrow range of compositions, but markedly high forsterite contents (almost pure forsterite) and with low CaO contents (Table 5) , which is generally, unexpected for a mineral in equilibrium with such Ca-rich rocks and minerals [12] . Olivine has a core slightly more Fe-rich than the rim, a feature much more evident in the coexisting phlogopite ( Figure 6a ; Table 6 ).
Mica
The carbonatites of Sung Valley contain minor phlogopite ( Figure 6b) (Figure 6b) .
REE phases
REE phases occur in traces and identified in carbonatite samples include ancylite-(Ce), belovite-(Ce), britholite-(Ce) and bastnäsite-(Ce) in decreasing abundance (Figure 10a,b) .
Ancylite-(Ce)
Ancylite is a strontium-rich REE-carbonate with high concentrations of REEs and can be processed easily for ex- (Table 8) .
Belovite-(Ce)
Belovite was identified in EPMA/07, 08, 09 and 10 ( Figure 7b (Table 9) .
Britholite-(Ce)
Britholite grains were analyzed in section no. EPMA-07, 08 and 09. Total REO in this phase ranges from 43.71-54.06 wt%. P 2 O 5 ranges from 14.66-33.32 wt% and CaO ranges from 1.27-13.77 wt% (Table 10) .
Bastnäsite-(Ce)
Bastnäsite-(Ce) is the most productive global mineral source for rare earth elements. At Mountain Pass, bastnäsite-(Ce) is the leading ore mineral where it is being separated by means of grounding and floatation from the accompanying barite, calcite and dolomite [24] . Bastnäsite-(Ce), identified in section no. EPMA-05, contains total REO ranges from 58.25-74.23% (Table 11 ).
Geochemistry of Sung Valley Carbonatites
The major and trace-element chemistry of 14 carbonatite whole rock samples is presented in 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Na 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 Total 3.00 3.00 3.00 3.00 3.01 3.01 3.00 3.00 3.00 3.00 3.04 3. 05  Mg#  97  97  97  98  98  98  96  97  97  97  98  99 (Table 15) . Sn, Ta, Ge, Be and U have negative correlations with rare earth elements (Table 14) . The normalised REE patterns of Sung Valley carbonatite samples show enrichment of light rare earth elements (LREE) relatively to the heavy rare earth elements (HREE) (Figure 10 ). The total LREE concentration in the eleven carbonatite bodies varies from 660 to 1265 ppm while the HREE varies from 47 to 82 ppm ( Figure 2 ; Table 15 ).
The total REE varies from 707 ppm to 1347 ppm with an average value of 1022 ppm (0.1022%). The LREE is higher than HREE by a factor 18.0 (LREE/HREE=18.0). The channel sampling has been carried out from C2 body and 13 samples yield average REE value 1025 ppm similar to the value of one sample from C4 body that has REE value of 1026 ppm ( Table 16 ). The carbonatites of SUAC complex have a significant amount of REEs along with pyrochlore and phosphate.
Conclusion
Carbonatites are well-known for their economic or anomalous concentrations of rare earth elements, phosphorous, niobium -tantalum, uranium, thorium, copper, iron and other rare elements. 18 .0 (LREE/HREE=18.0). This study indicated that SUAC carbonatite hosts noteworthy amount of REEs along with apatite (phosphate) and pyrochlore (NbTa) mineralisation. Moreover, tiny grains of Sn (~10 µm) and Au (~5 µm) were also identified. Finding REE carbonates and phosphates that can be easily processed and extracted, in combination with the reported occurrence of phosphorus-bearing apatite and REE bearing pyrochlore enhances the possibilities with regard to Sung Carbonatites economic viability. Moreover, because of the residual soil cover (1-2 m thick) that has developed, different carbonatite bodies can be explored for secondary REE mineralization by detail sampling. Therefore, the present study opens the scope for detailed investigation to assess the REE potential and associated mineralisation in the Sung Valley prospect.
